Synthesis of turnip rosette virus (TRosV)-induced RNA was examined in turnip protoplasts inoculated in vitro. TRosV RNA (mol. wt. 1.4 x 106; approx. 4.3 kb) was first detected 10 to 20 h post-inoculation by 32p labelling. When actinomycin D was added to protoplast cultures 6 h or less post-inoculation, labelling of virus RNA was less than in untreated cultures. Synthesis of TRosV RNA in infected protoplasts appeared to involve a double-stranded (ds)RNA; a replicative form (RF) of the virus RNA was isolated and characterized. The RF, mol. wt. 2.8 x 106 (approx. 4.3 kbp), was not degraded by treatment with RNase or DNase, contained 50~ sequences complementary to TRosV RNA (as determined by hybridization) and was denatured to singlestranded (ss)RNAs of mol. wt, ( x 10 -6) of 1"4, 0"7, 0"3 and 0"09 (4-3, 2"1, 0-9 and 0-27 kb respectively). Virus infection apparently induced the synthesis of a ssRNA of mol. wt. 0.3 x 106 which could be resolved from other RNA species in nucleic acid extracts from infected protoplasts. A minor dsRNA of 1.4 x 106 mol. wt. (2-1 kbp) was also apparently induced by virus infection. These virus-induced small RNA species may represent subgenomic messengers or their RF.
INTRODUCTION
Turnip rosette virus (TRosV) is a sobemovirus (Hull, 1977a; Matthews, 1982) and thus resembles southern bean mosaic virus (SBMV) which has a single-stranded RNA component (mol. wt. 1.4 × 106; 4.3 kb) with a 5'-linked protein (approx. mol. wt. 12000) encapsidated in a protein shell of 180 identical polypeptides (approx. mol. wt. 30000). The nucleic acids of the sobemoviruses appear to be among the smallest infective units among plant viruses (excluding viroids); Hull & Aldous (1979) confirmed the genome size of both TRosV and SBMV from hybridization complexity. However, there is little information on the replication of these apparently 'simple' RNA plant viruses. Synthesis of virus particles and virus-induced RNA in soybean cell cultures infected with SBMV has been reported (Wu & Murakishi, 1979) .
We have used synchronously infected turnip protoplasts to study the replication of TRosV.
METHODS
Preparation, inoculation and culture ofprotoplasts. Healthy turnip leaves (Brassica rapa L. cv. Just Right) were used as the source of protoplasts. Procedures for the isolation of protoplasts, for inoculation with TRosV and for culture were as described previously . For use in mock inoculation experiments virus was inactivated by incubating a suspension at 3 mg/ml in 25 mM-Tris-HC1 pH 8.5, 10 mM-EDTA, causing swelling (Hull, 1977b) , followed by treatment for 30 min at 25 °C with 10 ~g/ml RNase A. Virus particles were then precipitated with 10~o polyethylene glycol 6000, recovered by centrifugation (15000g, 10 min) and resuspended at 2 mg/ml in 100 mM-acetate buffer pH 5.0. In experiments in which the protoplasts were to be labelled with 32p, KH2PO~ was omitted from the incubation medium and 20 to 50 laCi carrier-free [32p]orthophosphate (Amersham International) was added to each ml. Where indicated, usually 8 h after inoculation, actinomycin D (Sigma) was added to a concentration of 10 lag/ml.
Extraction of nucleic acids. RNA was prepared from protoplasts as described by Howell & Hull (1978) except that the extraction buffer was 1 ~ tri-isopropylnaphthalene sulphonate (Eastman), 6~ 4-aminosalicylate (BDH), 50 mM-NaCl, 25 mM-Tris HC1 pH 8-5 and l0 mM-EDTA. After phenol extraction, RNA was precipitated with 0022-1317/83/0000-5744 $02.00© 1983 SGM ethanol and resuspended in 100 ~tl of the appropriate buffer per 106 protoplasts extracted. For digestion with DNase, nucleic acid extracts were dissolved in 50 mM-Tris buffer, pH 7.5, containing 2 mM-MgCIz and 10 Ixg/ml DNase (Sigma, RNase-free) and incubated for 15 min at 25 °C.
TRosV RNA labelled with 32p was extracted from virus which had been recovered from 3zp-labelled infected protoplasts by centrifuging protoplast homogenates in sucrose gradients as described previously .
Slab gel electrophoresis ofRNA. RNA was analysed by electrophoresis in slabs of polyacrylamide-agarose gels followed by autoradiography. When desired, RNA was denatured by treatment in 1 M-glyoxal (BDH; technical grade purified using Bio-Rad AG501-X8 mixed bed resin), 50~ dimethyl sulphoxide and 10 raM-sodium phosphate buffer, pH 7-0, for 1 h at 50 °C as described by McMaster & Carmichael (1977) . RNA (10000 to 70000 ct/min incorporated 32p) was layered in 7 mm-wide slots in slab gels (0.8 mm thick and 8 cm long) of 2~ acrylamide (BDH, specially purified) and 0.5~o agarose (Miles Laboratories, ME) (Peacock & Dingman, 1968) and electrophoresed at 200 V for 50 to 90 min at room temperature using Tris-borate buffer (Peacock & Dingman, 1968 ). Samples of ribosomal or reovirus RNA were used as mol. wt. markers for single-stranded (ss) or doublestranded (ds)RNA (Fujii-Kawata et al., 1970) respectively. Following electrophoresis, RNA was located by ethidium bromide staining (5 ~tl/ml, 10 min) (marker RNA) or autoradiography of dried gels using Fuji Rx film.
Fractionation of virus-induced RNA. RNA was extracted from 2 x 107 to 5 × 107 protoplasts and dissolved in 1 ml 0.1 M-NaCI, 0.05 M-Tris-HC1 pH 6.9, 1 mM-EDTA (STE) and ethanol was added to a final concentration of 35~o (v/v). The solution was applied to and eluted from a 1 x 20 cm column of cellulose (Whatman CF-11) (Franklin, 1966) . The column was washed with 30 ml STE containing 35 ~ ethanol, followed by elution of ssRNA with 45 ml STE containing 15~ ethanol and finally dsRNA was eluted with 40 ml STE (Aoki & Takebe, 1975) . Fractions of 3 ml were collected and assayed for radioactivity. RNA was precipitated from the appropriate fractions with 2.5 vol. ethanol, carrier RNA (5 pg/ml; Boehringer, calf liver tRNA) was added to fractions containing dsRNA. Before use in hybridization experiments, dsRNA was further purified by another cycle of cellulose chromatography and by passage through a 1.5 x 14 cm column of Sephadex G100, eluting with 10 mMsodium acetate pH 5.0 and 0-1~o SDS. Double-stranded RNA, which eluted with the void volume, was precipitated with ethanol.
Treatment of RNA with nucleases. RNA, dissolved in 0.3 M-NaC1, 30 mM-sodium citrate pH 7.0 (2 x SSC), was treated for 15 min at 25 °C with either RNase A (Sigma) at 5 ~tg/ml, RNase T1 (Boehringer) at 10 units/ml or DNase (Sigma, RNase-free) at 10 pg/ml in 2 × SSC containing 2 mM-MgCI2.
Hybridization experiments. To determine whether fractionated double-stranded RNA contained the replicative form of TRosV RNA, hybridization experiments were conducted using the protocol of Duesberg et al. (1977) . Double-stranded RNA, dissolved in the hybridization buffer (0.3 M-NaCI, 30 mM-sodium citrate, 1-5 mM-Na2HPO4, pH 7.0, plus 0.05~ SDS), was melted by heating to 100 °C for 2 min followed by rapid cooling in ice water. Samples (10 ~tl) of melted dsRNA, in hybridization buffer and 40~o formamide, were annealed in sealed 50 ptl glass capillaries in the presence of either TRosV RNA, tobacco mosaic virus RNA or healthy protoplast RNA at 4 mg/ml, for 16 h at 40 °C. Capillaries were opened and the contents were added to 0.38 ml 2 × SSC. RNase (RNase A to 5 ~tg/ml, RNase Tt to 10 units/ml) was added to half of the mixture, and this and the untreated half were incubated for 15 min at 40 °C. Then, bovine serum albumin (Miles Laboratories) (1 mg/ml), denatured salmon sperm DNA (Sigma) (250 rtg/ml) and trichloroacetic acid (TCA) (10~o, w/v) were added. After 10 min at 0 °C the precipitated RNA was collected on Whatman GF/C filters, washed twice with 8~ TCA and once with 95 ~o ethanol, dried and assayed for radioactivity by scintillation counting.
RESULTS

Virus-induced RNA species in infected protoplasts
Nucleic acid was extracted from protoplasts 26 h after inoculation with TRosV, a time when virus synthesis is exponential (Morris-Krsinich, 1979), and was analysed by electrophoresis. Protoplasts inoculated with inactivated virus and healthy protoplasts, both referred to as uninfected protoplasts, served as controls. Fig. 1 shows the species of 3Zp-labelled nucleic acid obtained from uninfected ( Fig. 1 a, b ) and infected ( Fig. 1 c) protoplasts. Infection by TRosV induced the synthesis of several nucleic acid species, which were shown to be RNA by their resistance to DNase treatment ( Fig. 1 d) . The most radioactive virus-induced RNA species was identified as TRosV RNA (mol. wt. 1-4 × 106) by electrophoretic mobility (Fig. 2) . A smaller RNA species of 0.3 × 106 mol. wt. was also apparently induced by TRosV infection. Both virusinduced RNA species were shown to be single-stranded by their sensitivity to RNase A in 2 × SSC (not shown). Pulse labelling of infected protoplasts with 32p ( Fig. I e, f, g) showed that TRosV-induced R N A s were not detected in a 0 to 10 h labelling period; since the ribosomal R N A species did not accumulate much label in this period it is probable that the 32p did not saturate the phosphate pools. Both the species of TRosV R N A were detectable following labelling between 10 and 20 h and between 20 and 30 h post-inoculation. After a longer labelling period (30 to 50 h) the amount of the 0.3 x l06 mol. wt. R N A species apparently decreased (Fig. 1 h) .
IP
Effect of addition time of actinomycin D on TRos V RNA synthesis
Actinomycin D (10 ~tg/ml) inhibited incorporation of 32p into cytoplasmic r R N A s in both infected and uninfected protoplasts by up to 80 ~ (Fig. 3 ). However, it was noted previously that actinomycin D can inhibit TRosV synthesis . To examine the effect of actinomycin D on TRosV R N A synthesis, inoculated protoplasts were cultured for 0, 2, 4, 6, 8 and 10 h post-inoculation, before the addition of actinomycin D and 32p, they were then harvested at 20 h post-inoculation. The results (Fig. 3) showed that when actinomycin D was added 6 h or less post-inoculation, there was a marked reduction in the labelling of TRosV R N A and rRNA. Later additions of antibiotic affected 32p labelling of TRosV R N A little, whereas the labelling of r R N A s was still much inhibited. In further experiments where actinomycin D was required to inhibit 32p labelling of rRNAs, the antibiotic and label were added 8 h postinoculation.
Fractionation and analysis of virus-induced dsRNAs
32p-labelled R N A from infected protoplasts was fractionated into ss and ds forfias by chromatography on cellulose (Franklin, 1966; Aoki & Takebe, 1975) and then examined by electrophoresis on slab gels followed by autoradiography. Fig. 4 (a and b) show respectively the fractions containing ss and d s R N A s obtained after one cycle of chromatography. Some crosscontamination of the d s R N A with ssRNA was evident ( Fig. 4b ) but these smaller tool. wt. ss R N A species could be removed either by RNase treatment (Fig. 4c, d) chromatography through cellulose. The isolated dsRNA was not degraded by incubation with either RNase T1 or RNase A in 2 × SSC ( Fig. 4c, d ) but was partially digested (approx. 60~) by RNase A in distilled water (Fig. 4e ). The sensitivity ofdsRNA to RNase is dependent on both salt and RNase concentration (Edy et al., 1976) . On melting (100 °C, 2 min) followed by rapid cooling with ice water, the isolated dsRNA was completely degraded with RNase (not shown). Treatment of the isolated dsRNA with DNase also failed to degrade the dsRNA (Fig. 4J) .
Isolated dsRNA contained one prominent 32p-labelled RNA (Fig. 4b to e and Fig. 5) with an estimated mol. wt. of 2.8 x 106 (Fig. 2) . This is twice the mol. wt. ofTRosV RNA (1.4 x 106) , indicating that the RNA species is probably the replicative form (RF) of the virus RNA. Close examination of the autoradiogram shown in Fig. 4 revealed a second faint 32p-labelled band (ds1.4) in lanes (d) and (e) which was not degraded by RNase A. This minor dsRNA had a mol. wt. of 1.4 x 106 (Fig. 2) . After denaturation with glyoxal the total dsRNA could be resolved into several species ofssRNA ofmol, wt. 1.4, 0.7, 0.3 and 0.09, all × 106 (Fig. 5a ). Glyoxal/dimethyl sulphoxide-treated and heat-denatured ssRNA from infected protoplasts and virus are shown in lanes (b) and (c) of Fig. 5 for comparison. The 1.4 x 106 and 0.3 x l06 mol. wt. species observed in denatured dsRNA co-migrated with the virus genomic RNA and the 0.3 x 106 mol. wt. species observed previously (Fig. I c) . The species with mol. wt. of 0.7 x 106 (which has the same mobility as the 18S rRNA) and 0.09 x 106 were not detectable in extracts from infected protoplasts. Nucleic acid extracted from uninfected protoplasts and separated by chromatography through cellulose contained only cellular ssRNAs and low mol. wt. (approx. 50000) dsRNA.
Hybridization experiments with virus-induced dsRNA
For use in hybridization experiments, the 32p-labelled virus-induced dsRNA was isolated by two cycles of cellulose chromatography, and further purified by chromatography through Sephadex G100 to remove 32p-labeUed small tool. wt. RNA. The purified dsRNA was then melted and hybridized with unlabelled RNA. Hybrid formation was determined as TCAprecipitable 32p resistant to RNase treatment. In four separate determinations unlabeUed TRosV RNA probe protected 45 to 52% of melted 32p-labelled dsRNA from hydrolysis by RNase, whereas annealing in the presence of tobacco mosaic virus R N A or RNA from uninfected turnip protoplasts, or without added RNA protected only 8 to 13 % dsRNA from RNase. This apparent hybrid formation may reflect some self reannealing of melted dsRNA. These results confirm that approximately 50% of the sequences in 32p.labelled virus dsRNA are complementary to TRosV RNA. The simplest interpretation of these results is that these sequences are the negative strand in the dsRNA.
DISCUSSION
Labelling with 32p demonstrated the synthesis of TRosV RNA 10 to 20 h after the inoculation of turnip leaf protoplasts with TRosV. TRosV particles were previously reported to be detectable between 12 and 18 h post-inoculation by fluorescent antibody assay or ELISA (Morris-Krsinich, 1979) .
Labelling of TRosV RNA was inhibited by actinomycin D when it was added 6 h or less after inoculation. A similar situation was reported for cowpea mosaic virus R N A replication in inoculated cowpea protoplasts, where the inhibitory effect of actinomycin D reportedly lasts until 8 h after inoculation (Rottier et al., 1979) .
Synthesis of TRosV RNA in infected protoplasts apparently involved dsRNA. An apparent RF of the virus RNA was characterized by resistance to RNase and DNase treatment and by molecular hybridization studies which showed that it contained 50~ sequences complementary to TRosV RNA. Although there are numerous reports of RF of plant virus RNA being detected in infected cells their functional role in plant virus RNA synthesis has not yet been conclusively demonstrated (Gamier et al., 1980; Zelcer et al., 1981) .
As well as the apparent RF to TRosV genomic RNA, a further dsRNA species of 1.4 x 106 mol. wt. was detected in extracts from infected protoplasts. In similar studies of SBMV replication, Wu & Murakishi (1979) reported that as well as the genomic RF, infected cells contained a smaller dsRNA of undetermined mol. wt.
Denaturation of TRosV dsRNA preparations produced several species of ssRNA of tool. wt. 1.4, 0.7, 0.3 and 0.09, all × 106. The 1.4 x 106 mol. wt. species is thought to be the virus genomic RNA and the smaller tool. wt. species may be subgenomic virus messenger RNA. A 0.3 x 106 tool. wt. species was also detected in extracts of TRosV-infected protoplasts. Synthesis of this virus-induced RNA was, like the virus genomic RNA, first detected 10 to 20 h post-inoculation and it may be the subgenomic mRNA for the virus coat protein found in preparations of RNA from TRosV particles by in vitro translation (Morris- Krsinich & Hull, 1981) . The differences between the apparent mol. wt. of this mRNA (0.5 x 10 6) and that of the 0.3 x 106 tool. wt. RNA is probably due to differences in the methods of measurement used in the two studies (sucrose gradient and gel electrophoresis). In vitro translation studies of SBMV RNA have identified three subgenomic virus mRNAs of tool. wt. 0.38 x 106, 0-19 × 106 and 0-17 x 106 (Ghosh et al., 1981) .
There are some difficulties in reconciling the apparent subgenomic RNAs of TRosV of 0.7 x 106 and 0.09 x 106 tool. wt. with the translational strategy model put forward by Morris-Krsinich & Hull (1981) . This model involved the observation that coat protein was synthesized from a subgenomic RNA species whereas other gene products were derived from the full-length genomic RNA. The problem of separating the 0.7 x 106 RNA species from rRNA, especially since TRosV RNAs are not polyadenylated (our unpublished observation), will probably have to wait until cloned cDNAs are available for hybrid selection. Cloned cDNAs will also be of use in determining from which part of the genomic RNA the 0.7 x 106 and 0.09 x 106 RNAs are derived. However, it should be borne in mind that these subgenomic dsRNA forms might be artefacts from extraction procedures as reported for Sindbis virus (Simmons & Strauss, 1972) .
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